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Abstract
Ambient backscatter communication (AmBC) leverages the existing ambient radio frequency (RF)
environment to implement communication with battery-free devices. The key challenge in the devel-
opment of AmBC is the very weak RF signals backscattered by the AmBC Tag. To overcome this
challenge, we propose the use of space-time codes by incorporating multiple antennas at the Tag.
Our approach considers both coherent and non-coherent space-time codes so that systems with and
without Channel State Information can be considered. To allow the application of space-time codes,
we propose an approximate linearized and normalized multiple-input multiple-output (MIMO) channel
model for the AmBC system. Such MIMO channel model is shown to be accurate for a wide range
of useful operating conditions. Two coherent detectors and a non-coherent detector are also provided
based on the proposed channel. Simulation results show that enhanced bit error rate performance can be
achieved, demonstrating the benefit of using multiple Tag or Reader antennas to leverage the diversity
gain. The results are restricted to two antennas at the Tag, to maintain compact size by using polarization
diversity and maintain a multiplexing gain of unity, but the results can easily be extended to more than
two antennas.
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I. INTRODUCTION
Backscatter communication has a long history [1], [2] and an important application is Radio
Frequency (RF) Identification. Typically in backscatter communication systems, a “Reader”
transmits signals to a “Tag”, which harvests energy from the received signals to power the
circuits and backscatters the signals to the Reader through tuning the load impedance [3]-[5].
The key advantage of backscatter communication is that the Tag does not require a battery and
can be inexpensive to construct. However, there are some disadvantages that limit the use of
backscatter communication. These include the need for a dedicated source of RF radiation as
well as frequency spectrum allocation to allow the system to operate legally [5].
To address the disadvantages of conventional backscatter communication, ambient backscatter
communication (AmBC) systems have been proposed [6]. Compared with traditional backscatter
systems, AmBC harnesses ambient RF signals transmitted from existing wireless systems (such
as DTV [6], FM [7], and Wi-Fi [8]) as sources of RF radiation. These sources have the advantage
that they do not require any dedicated RF source or extra frequency spectrum allocation. Such
advantage makes AmBC a promising technology, for applications such as in the Internet-of-
Things (IoT). However, a significant challenge of AmBC is that the ambient RF waves used
in AmBC are not within its control and the backscattered signals are often very weak, which
makes it difficult to detect the backscattered signals. To solve this issue, an averaging mechanism
has been proposed [6] to eliminate the influence of the ambient signals. Based on this idea, the
detection thresholds and bit error rate (BER) expressions have been derived [9]. In addition,
differential encoding and non-coherent detectors have been proposed [10], [11], which do not
require any Channel State Information (CSI) and pilot symbols, so as to reduce the AmBC
system design complexity.
To further enhance the backscattered signal detection performance, multiple antennas have
been used at the Reader so that diversity gain can be leveraged [12]-[21]. Specifically, a dual-
antenna Reader and a ratio detector have been proposed [12] to extend the transmission distance.
Based on these results [12], the ratio detector has been re-investigated [13] and the corresponding
decision threshold when the Reader has more than two antennas has been found. The problem
3of noise uncertainty in multiple-antenna Reader AmBC systems has also been solved [14].
Non-coherent detection using learning-based clustering techniques has also been proposed for
multiple-antenna Reader AmBC systems [15]. In addition, a cooperative AmBC system [16], an
adaptive AmBC system [17], a cognitive AmBC system [18], and AmBC systems leveraging
ambient orthogonal frequency division multiplexing (OFDM) modulated signals [19]-[21], all
with multiple-antenna Readers, have been proposed to enhance AmBC system performance.
Using multiple antennas at the Tag can also provide diversity gain to enhance signal detection
performance, however, there are only a few studies considering this. Compared with using
multiple antennas at the Reader, using multiple antennas at the Tag has the extra benefit that more
ambient RF energy can be harvested for powering the circuits at the Tag [22] and the total power
of the backscattered signal can be increased. It should be noted however that increasing antenna
directivity at the Tag through using RF combining or large antenna size cannot straightforwardly
improve backscatter because the antenna will become directive with the main beam potentially
pointing away from the Reader and reducing backscatter to the Reader. Therefore, more advanced
approaches must be used for multiple-antenna Tags. An AmBC system with different power
allocations on two Tag antennas has been proposed [23] to increase link reliability. However, an
8-bit preamble is required to calculate the decision threshold and CSI at the Reader is required. In
addition, there is an error floor that limits its performance. In recent studies [24], [25], a multiple-
antenna Tag has been proposed where antenna selection is performed to increase the diversity
gain of the AmBC system, and the information is recovered utilizing the difference in signal
power statistics. However, the proposed approaches [24], [25] achieve optimal performance based
on knowing the order of the channel gains at the Tag, which means that partial CSI is required at
the Tag. Hence, pilot symbols and feedback from the Reader to Tag are required, which increases
the power consumption, time delay, and AmBC system design complexity. Therefore, how to
leverage the multiple antennas at the Tag without CSI at the Tag, and furthermore without the
CSI at the Reader, needs to be addressed in AmBC.
In this paper, we propose using a multiple-antenna Tag in AmBC by applying coherent and
non-coherent space-time codes to enhance the detection performance. It is challenging to directly
apply space-time codes in AmBC because the ambient RF signal is unknown. Different from
other multiple-antenna Tag AmBC systems [23]-[25], the proposed approach does not require
CSI at the Tag or CSI at the Reader (for non-coherent space-time codes). In addition, using
multiple-antenna Tag is beneficial as it linearly increases the total power of the backscattered
4signal. Furthermore, the proposed approach is compatible with using multiple-antenna Reader
to further improve diversity gain. The contributions of the paper are summarized as follows.
1) We analyze and derive an accurate channel model for AmBC systems with multiple-
antenna Tags and multiple-antenna Readers that incorporates the signal averaging mechanism.
The resulting AmBC channel model is challenging to use since it is a nonlinear channel model
with noise dependent on signals and channels.
2) We introduce an approximate but accurate AmBC channel model based on linearization
and normalization to overcome the challenges of using the accurate AmBC channel model. We
arrive at an accurate linearized and normalized multiple-input multiple-output (MIMO) channel
model that space-time codes can be applied to.
3) We propose using Alamouti space-time codes in the multiple-antenna Tag AmBC system,
which do not require CSI at the Tag. Two coherent detectors, an optimal maximum likelihood
(ML) detector based on the accurate AmBC channel model and an Alamouti detector based
on our proposed linearized and normalized MIMO channel model, are provided. A closed-form
solution for the BER is also given.
4) We also propose using differential Alamouti space-time codes in the multiple-antenna Tag
AmBC system, which do not require CSI at the Tag or Reader, to reduce AmBC system design
complexity. A differential Alamouti detector based on our proposed linearized and normalized
MIMO channel model is also provided.
5) Simulation results are provided to demonstrate the multiple-antenna Tag AmBC system
using space-time codes and these are compared with conventional single-input single-output
(SISO) AmBC system. Both coherent and non-coherent space-time codes are considered. The
simulation results show that using multiple-antenna Tag can increase diversity and the total
backscattered power of the system. It is also shown that using Alamouti and differential Alamouti
space-time codes in the multiple-antenna Tag AmBC system can significantly improve the error
performance of the system compared with SISO AmBC system.
It should be noted that although results are provided for when there are two antennas at the
Tag, there is no limitation to the number of Tag antennas that can be utilized. We focus on
only two antennas at the Tag to maintain compact Tag size and a multiplexing gain of unity.
Extensions to more Tag antennas are possible but practical constraints on achieving diversity in
a small volume may be difficult to overcome.
Organization: In Section II, the accurate channel model of the AmBC system with a multiple-
5antenna Tag and a multiple-antenna Reader is presented. In Section III, we provide a linearized
and normalized MIMO channel model for the multiple-antenna Tag AmBC system. We apply
coherent and non-coherent space-time codes in the multiple-antenna Tag AmBC system and
provide their corresponding detectors in Sections IV and V, respectively. Section VI provides
simulation results and Section VII concludes the paper.
Notation: Bold lower and upper case letters denote vectors and matrices, respectively. A
symbol not in bold font represents a scalar. E [·] refers to expectation. x∗, R {x}, and |x| refer
to the conjugate, real part, and modulus of a complex scalar x, respectively. ‖x‖ refers to the
l2-norm of a vector x. XT and XH refer to the transpose and conjugate transpose of a matrix
X, respectively. N (µ, σ2) and CN (µ, σ2) refer to the Gaussian distribution and the circularly
symmetric complex Gaussian distribution with mean µ and variance σ2, respectively. d→ refers
to the convergence in distribution. Q (·) refers to the Q function.
II. AMBIENT BACKSCATTER COMMUNICATION SYSTEM
A. System Model
Consider an AmBC system consisting of an ambient RF source, a passive Tag equipped with
M antennas and a Reader equipped with Q antennas as shown in Fig. 1. We later restrict M = 2
and consider specific space-time codes in practical scenarios in Sections IV and V. The ambient
RF signal is denoted by s (n) with symbol period Ta where n = 1, 2 · · · is the symbol index
of the ambient source. s (n) is assumed random (and may come from different RF sources)
following a circularly symmetric complex Gaussian distribution CN (0, Ps), where Ps denotes
the average power of ambient RF signal [10]. For the nth symbol period of the ambient source,
the signal received by the qth Reader antenna from the ambient RF source is expressed as
rq (n) = ASRh
SR
q s (n) , (1)
where ASR and hSRq respectively denote the large- and small-scale channel fading between the
ambient RF source and the qth Reader antenna, i.e. E
[∣∣hSRq ∣∣2] = 1. The signal received by the
mth Tag antenna from the ambient RF source is expressed as
tm (n) = ASTh
ST
m s (n) , (2)
6Fig. 1. System model for an AmBC system with a multiple-antenna Tag and a multiple-antenna Reader.
where AST and hSTm denote the large- and small-scale channel fading between the ambient RF
source and the mth Tag antenna, i.e. E
[∣∣hSTm ∣∣2] = 1. The signal backscattered by the mth Tag
antenna can be expressed as
dm (n) = αxmtm (n) , (3)
where α denotes the hardware implementation loss by the Tag and xm refers to the symbol
transmitted by the mth Tag antenna through backscattering. The total signal received by the qth
Reader antenna can be expressed as
zq (n) = rq (n) +
M∑
m=1
ATRh
TR
q,mdm (n) + wq (n)
=
(
ASRh
SR
q + αATRAST
M∑
m=1
hTRq,mh
ST
m xm
)
s (n) + wq (n) , (4)
where ATR and hTRq,m denote the large- and small-scale channel fading between the mth Tag
antenna and the qth Reader antenna, and wq (n) is the additive white Gaussian noise (AWGN)
at the qth Reader antenna.
We assume hSRq , h
TR
q,m, and h
ST
m ∀ m and q are independent and identically distributed (i.i.d.),
quasi-static, and frequency flat. We also assume ASR ≈ AST since the Tag and the Reader are
close to each other. Therefore, we can normalize (4) by ASR to equivalently rewrite (4) as
z¯q (n) =
(
hSRq + h
TR
q Gx
)
s (n) + w¯q (n) , (5)
7where we define z¯q (n) = zq (n) /ASR, w¯q (n) = wq (n) /ASR, x = [x1, x2, ..., xM ]
T , hTRq =[
hTRq,1 , h
TR
q,2 , . . . , h
TR
q,M
]
, and G = αATRdiag
(
hST1 , h
ST
2 , . . . , h
ST
M
)
. We assume w¯q (n) ∼ CN (0, σ2)
where σ2 denotes the normalized noise power and refer to x as the Tag transmit signal. It is
important to note that |xm| ≤ 1 due to the passive backscattered reflection so that we have
E
[‖x‖2] ≤ PT = M, (6)
where PT denotes the maximum transmit power backscattered from the Tag. Different from the
conventional MIMO communications where PT is a constant, in AmBC, PT linearly increases
with the number of Tag antennas M . Therefore, using multiple-antenna Tag brings extra power
gain in addition to diversity and multiplexing gain in conventional MIMO.
Leveraging (5), we can define direct link signal-to-noise ratio (SNR) γd as
γd =
Ps
σ2
, (7)
which is the ratio of ambient RF signal power and normalized noise power at the Reader, and
define a relative SNR ∆γ as
∆γ =
1
α2A2TR
, (8)
which is the ratio of the signal power from the direct link and the backscatter link.
Since the ambient RF signal s (n) is unknown, it is challenging to detect the transmit signal x
from z¯q (n). To overcome this challenge, we consider leveraging the statistics of z¯q (n) to detect
x, as the statistics of s (n) are known. Because s (n) and w¯q (n) are independent circularly-
symmetric complex Gaussian random variables, we can find the distribution of z¯q (n) as
z¯q (n) ∼ CN
(
0, Ps
∣∣hSRq + hTRq Gx∣∣2 + σ2) , (9)
so that we have the first order statistic E [z¯q (n)] = 0 and the second order statistic
E
[|z¯q (n)|2] = Ps ∣∣hSRq + hTRq Gx∣∣2 + σ2. (10)
In other words, E [z¯q (n)] contains no information about the transmit signal x, but E
[|z¯q (n)|2]
has. Therefore, it implies that we should leverage E
[|z¯q (n)|2] to detect the transmit signal x.
8B. Averaging Process
To estimate E
[|z¯q (n)|2] for detecting the transmit signal x, we consider N symbols of z¯q (n),
i.e. z¯q (1), z¯q (2), ..., and z¯q (N), and take them as N i.i.d. samples. In other words, for each
transmit signal x, we use N symbols of z¯q (n) to detect it. Therefore, the Tag transmits signal
x with a symbol period T = NTa, so that the symbol rate of the signal transmitted by the Tag
is N times smaller than the ambient signal. Following previous methods [6], we average the
power of z¯q (n) as
y¯q =
1
N
N∑
n=1
|z¯q (n)|2, (11)
so as to estimate E
[|z¯q (n)|2]. The resulting signal y¯q is distributed as
y¯q ∼
Ps
∣∣hSRq + hTRq Gx∣∣2 + σ2
2N
χ2 (2N) , (12)
where χ2 (2N) refers to the chi-square distribution with 2N degrees of freedom. As N → ∞,
we have χ2 (2N) d→ N (2N, 4N), and accordingly we have
y¯q ∼
(
Ps
∣∣hSRq + hTRq Gx∣∣2 + σ2)N (1, 1N
)
. (13)
We can rewrite y¯q as a signal plus a bias and a noise as
y¯q = fq (x) + cq + n¯q, (14)
where fq (x) refers to the signal and is given by
fq (x) = Ps
∣∣hSRq + hTRq Gx∣∣2 + σ2 − (Ps ∣∣hSRq ∣∣2 + σ2)
= 2PsR
{
hSR∗q h
TR
q Gx
}
+ Ps
∣∣hTRq Gx∣∣2 . (15)
cq refers to the bias having no information of the transmit signal and is a constant given by
cq = Ps
∣∣hSRq ∣∣2 + σ2, (16)
and n¯q refers to the noise given by
n¯q ∼
(
Ps
∣∣hSRq + hTRq Gx∣∣2 + σ2)N (0, 1N
)
. (17)
9C. Challenges to Use AmBC Channel Model
Focusing on the channel model for AmBC, (14), we can find that there are two challenges to
use the AmBC channel model.
1) Nonlinear Channel: The signal fq (x) is a quadratic function of x, which is different from
the linear function of x in the conventional linear MIMO channel model. In addition, there is a
constant bias cq having no information of the transmit signal x, which arises from the averaging
process.
2) Dependent Noise: The noise n¯q has a zero mean and a variance, denoted as ς2q , which is
given by
ςq =
Ps
∣∣hSRq + hTRq Gx∣∣2 + σ2√
N
. (18)
We can find that the variance of n¯q depends on the transmit signal x, and the channels hSRq ,
hTRq , and G, which is significantly different from the conventional AWGN.
The two challenges make the detection of transmit signal x difficult and increase the detection
complexity, especially for space-time code detection as shown in Sections IV and V.
III. AMBC CHANNEL LINEARIZATION
In this section, we propose two techniques, namely AmBC channel linearization and noise
normalization, to overcome the challenges of using the AmBC channel model (14), so that
conventional approaches in MIMO communications such as space-time codes can be applied to
AmBC.
A. Linearization
The direct link (ambient RF source to Reader) has a significantly higher channel gain than
the indirect link (ambient RF source to Tag and then backscattered to Reader). This corresponds
to the fact that the relative SNR ∆γ in practical AmBC systems is usually higher than 30 dB,
which will be shown in Section VI. Therefore, we have that
∣∣hTRq Gx∣∣ ∣∣hSRq ∣∣ , (19)
which implies that
Ps
∣∣hTRq Gx∣∣2  2PsR{hSR∗q hTRq Gx} . (20)
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Leveraging (20), the quadratic term Ps
∣∣hTRq Gx∣∣2 in fq (x) can be omitted so that fq (x) can
be approximated as a linear function
fq (x) ≈ 2PsR
{
hSR∗q h
TR
q Gx
}
. (21)
The constant bias term cq in the channel model (14) can also be removed. According to (16),
cq can be easily estimated since it represents the average power of the signal received from the
ambient RF source when the Tag is not operating, x = 0. Therefore, based on the approximation
(21) and removing bias cq, the nonlinear AmBC channel can be entirely linearized.
B. Noise Normalization
As shown in (18), the variance of the noise depends on the transmit signal x, and the channels
hSRq , h
TR
q , and G. This makes the detection of x difficult since 1) the noise n¯q is correlated with
the transmit signal x, and 2) the noise n¯q has different power levels at different Reader antennas.
To solve this difficulty, we first omit the term hTRq Gx in (18) according to (19) so that the
variance of noise ςq can be approximately written as
ςq ≈
Ps
∣∣hSRq ∣∣2 + σ2√
N
=
cq√
N
. (22)
This approximation makes the noise uncorrelated from the transmit signal x.
With (21), (22), and removing bias cq, we can rewrite the channel model in AmBC (14) as
y¯q − cq = 2PsR
{
hSR∗q h
TR
q Gx
}
+
cq√
N
nq. (23)
where nq ∼ N (0, 1). However, the approximate noise (22) still has power levels dependent on∣∣hSRq ∣∣2 at different Reader antennas, which is still different from the conventional i.i.d. AWGN.
Therefore, we normalize (23) by cq/
√
N , i.e. we define
yq =
√
N
y¯q − cq
cq
, (24)
so that we have
yq =
2
√
Nγd
γd
∣∣hSRq ∣∣2 + 1R
{
hSR∗q h
TR
q Gx
}
+ nq. (25)
which is now a linear channel model with i.i.d. AWGN.
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In summary, by approximating fq (x) (21), removing bias, approximating the noise (22), and
normalizing the noise power (24), we can approximate the original channel model in AmBC
(14) as a linear channel model with i.i.d. AWGN (25). This channel model approximation is
accurate for most practical configurations in AmBC as shown in Section VI.
C. BPSK Modulation
In this paper, we focus on using BPSK modulation for the transmit signal x, i.e. xm = ±1.
For BPSK modulation (or other real constellations), we can rewrite (25) in a compact form as
yq = hqx + nq, (26)
where hq = [hq,1, hq,2, . . . , hq,M ] and hq,m is given by
hq,m = 2αATR
√
N
γdR
{
hSR∗q h
TR
q,mh
ST
m
}
γd
∣∣hSRq ∣∣2 + 1 . (27)
For the multiple-antenna Tag AmBC, the receive SNR at the Reader is given by
E
[|hqx|2]
E
[|nq|2] = E [‖hq‖ 2] = 4MN∆γ E
(γdR{hSR∗1 hTR1,1 hST1 }
γd |hSR1 |2 + 1
)2 , (28)
which for all q are identical. It is important to note that using multiple antennas at the Tag can
increase the receive SNR at the Reader by M times, which arises from (6). To highlight such
benefit of multiple-antenna Tag over single-antenna Tag, we define as a reference the receive
SNR for the single-antenna Tag AmBC, which is denoted as γR and given by
γR =
4N
∆γ
E
(γdR{hSR∗1 hTR1,1 hST1 }
γd |hSR1 |2 + 1
)2 . (29)
Accordingly, in the simulation results in Section VI, the BER performance is evaluated versus
γR.
When γd → 0, we have
γR =
4Nγ2d
∆γ
E
[
R2
{
hSR∗1 h
TR
1,1 h
ST
1
}]
, (30)
which means that γR increases with γd quadratically. However, when γd →∞, we have
γR =
4N
∆γ
E
[
R2
{
hTR1,1 h
ST
1
hSR1
}]
, (31)
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which means that γR cannot go to infinity with increasing γd as would be expected in practice.
We collect yq for all q into y = [y1, y2, . . . , yQ]
T , nq for all q into n = [n1, n2, . . . , nQ]
T , and
hq for all q into H =
[
hT1 ,h
T
2 , . . . ,h
T
Q
]T , so that we can construct a linearized and normalized
MIMO channel model for AmBC as
y = Hx + n. (32)
Based on such MIMO channel model (32), we can apply conventional MIMO communications
approaches in AmBC to enhance its performance. In the following sections, we apply coherent
and non-coherent space-time codes to enhance the backscattered signal detection performance
in AmBC.
IV. COHERENT SPACE-TIME CODES
We apply Alamouti space-time codes [26] in the multiple-antenna Tag AmBC system to
enhance performance. Using Alamouti space-time codes requires CSI at the Reader, but does
not require CSI at the Tag so that there is no need for any feedback. The basic principle of the
Alamouti space-time codes is that two symbols are coded across two antennas and also over two
symbol periods, so that a multiplexing gain of unity is maintained. We restrict the number of Tag
antennas to M = 2 to maintain a multiplexing factor of unity (so as not sacrifice throughput)
as well as ensuring the Tag remains compact. Compact 2-port Tag antennas can be easily found
[27], [28] but for M > 2 multi-port antenna designs with the same density of antennas (in
terms of ports per square or cubic wavelength) are not as straightforward to produce. While
both coherent and non-coherent space-time codes are available for when M > 2, we will leave
this development until sufficient diversity in MIMO Tag-reader channel with more than two Tag
antennas has been shown.
A. Encoding Algorithm
Consider there are two bits, b2i−1 and b2i, to be transmitted as the ith block. Using BPSK, b2i−1
and b2i are modulated to two symbols u2i−1, u2i ∈ {±1}. According to the Alamouti space-time
codes [26], the two symbols u2i−1, u2i are encoded into a block Xi given by
Xi = [x2i−1,x2i] =
 u2i−1 −u∗2i
u2i u
∗
2i−1
 , (33)
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where x2i−1 = [u2i−1, u2i]
T denotes the signal transmitted by the two Tag antennas at symbol
period 2i − 1 and x2i =
[−u∗2i, u∗2i−1]T denotes the signal transmitted by the Tag at symbol
period 2i.
B. Coherent Detection
In Alamouti space-time codes, encoding and detecting Xi do not rely on the other blocks,
i.e. Xi ∀ i are independent with each other. Therefore, herein we take detecting X1 = [x1,x2]
as an example to show the Alamouti space-time codes detection. We propose two coherent
detectors to detect the two symbols u1, u2. The first detector is the optimal ML detector based
on the accurate AmBC channel model (14). The second detector is the Alamouti detector of
low complexity based on the linearized and normalized MIMO channel model (32). The two
detectors are compared with each other in the numerical experiments as shown in Section VI
and it is shown that they achieve almost the same BER performance.
Recall that for the transmit signal x1 or x2, we use N symbols of z¯q (n) to detect it through the
averaging process as shown in Section II.B. Therefore, it takes 2N symbols of z¯q (n) to decode
the block X1. Specifically, as per (11), z¯q (1), ..., z¯q (N) are used to achieve y¯q,1 and z¯q (N + 1),
..., z¯q (2N) are used to achieve y¯q,2. To explicitly show the dependence on the symbol periods,
we add extra subscripts for different terms such as signals and noise. For example, y¯q,1 and y¯q,2
denote the signal received by the qth Reader antenna at symbol periods 1 and 2, respectively.
1) Optimal ML Detector: Based on the accurate AmBC channel model (14), we apply the
optimal ML detector to detect u1 and u2. In ML detector, we maximize the posteriori probability
density function (PDF), which can be expressed as u˜1
u˜2
 = argmax
u1,u2∈{±1}
f
(
Y¯1 | X1
)
, (34)
where Y¯1 is Q×2 matrix with the (q, j)th entry being y¯q,j for j = 1, 2, and f
(
Y¯1 | X1
)
denotes
the posteriori PDF of Y¯1 given X1. Since y¯q,j at different Reader antennas and different symbol
periods are independent given X1, we can simplify (34) as u˜1
u˜2
 = argmax
u1,u2∈{±1}
Q∏
q=1
2∏
j=1
1
ςq,j
exp
(
−
∣∣∣∣ y¯q,j − fq (xj)− cqςq,j
∣∣∣∣2
)
, (35)
14
where we leverage the Gaussian distribution of the noise (17). It should be noted that ςq,j relies
on xj as shown (18). The optimal ML detector is computationally intricate since it needs to
compute the exponential function and it cannot separately decode u1 and u2.
2) Alamouti Detector: To reduce the computational complexity of the optimal ML detector,
we can use the Alamouti detector to decode u1 and u2 [26]. However, it is not applicable to
directly use the Alamouti detector with the accurate AmBC channel model (14) because of 1) the
nonlinear channel and 2) the noise dependent on signals and channels. To solve this problem, we
leverage the linearized and normalized MIMO channel model (32) and then apply the Alamouti
detector.
Specifically, leveraging (26), we have that
yq,j = hqxj + nq,j, j = 1, 2, (36)
where yq,j can be achieved by linearizing and normalizing y¯q,j , i.e. yq,j =
√
N (y¯q,j − cq) /cq
and hq is given by (27). Since herein M = 2, we have that hq = [hq,1, hq,2]. According to the
Alamouti detector [26], we first compute vq by
vq = [vq,1, vq,2]
T = ΛH
[
yq,1, y
∗
q,2
]T
, (37)
where Λ is constructed by hq,1, hq,2, i.e.
Λ =
 hq,1 hq,2
h∗q,2 −h∗q,1
 , (38)
and then use vq to detect u1 and u2 by
u˜j =
1 , ifR
{∑Q
q=1vq,j
}
> 0
−1 , ifR
{∑Q
q=1vq,j
}
< 0
, j = 1, 2. (39)
It should be noted that the decision statistic in (39) is simplified since BPSK modulation is used.
A more general decision statistic for other modulations can be found in [26].
To conclude, leveraging the proposed linearized and normalized MIMO channel model, we can
apply the Alamouti detector to separately detect u1 and u2 and avoid computing the exponential
function, so that the computational complexity for detection is greatly reduced.
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3) Equivalence: It is worthwhile to show the approximate equivalence between the optimal
ML detector based on (14) and the Alamouti detector based on (32).
Using the approximated noise (22), we can simplify (35) as u˜1
u˜2
 = argmin
u1,u2∈{±1}
Q∑
q=1
2∑
j=1
∣∣∣∣√N y¯q,j − fq (xj)− cqcq
∣∣∣∣2 . (40)
Using the channel linearization and the noise normalization, we can further simplify (40) as u˜1
u˜2
 = argmin
u1,u2∈{±1}
Q∑
q=1
2∑
j=1
|yq,j − hqxj|2 , (41)
which is a minimum distance detector [29]. As shown in [26], [30], the minimum distance
detector (41) is equivalent to the Alamouti detector (39).
Therefore, using the Alamouti detector with the linearized and normalized MIMO channel
model (32) is equivalent to the optimal ML detector with the accurate AmBC channel model
(14). A numerical comparison for those two detectors is provided in Section VI to verify the
equivalence.
C. BER Analysis
Leveraging the linearized and normalized MIMO channel (32), we also provide a BER analysis
for the coherent Alamouti space-time codes with BPSK.
1) Single-Antenna Tag Single-Antenna Reader: We first consider the conventional SISO (i.e.
M = 1 and Q = 1) AmBC system using BPSK as a comparison. Using (26), we have that
y1 = 2αATR
√
Nγd
R
{
hSR∗1 h
TR
1,1 h
ST
1
}
γd |hSR1 |2 + 1
x1 + n1. (42)
Given the channel realizations hSR1 , h
ST
1 , and h
TR
1,1 , it is straightforward to derive that the BER
for the SISO AmBC is given by
PSISO = Q
(
2αATR
√
Nγd
∣∣∣∣∣R
{
hSR∗1 h
TR
1,1 h
ST
1
}
γd |hSR1 |2 + 1
∣∣∣∣∣
)
. (43)
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2) Alamouti Detector: According to (37), R
(
Q∑
q=1
vq,1
)
given u1 is distributed as
R
(
Q∑
q=1
vq,1
)
∼ N
(
u1
Q∑
q=1
‖hq‖2 ,
Q∑
q=1
‖hq‖2
)
. (44)
Given the channel realizations hq, from (39), it is straightforward to derive that the BER of the
AmBC using Alamouti detector with BSPK is given by
PAlamouti = Q
2αATR√Nγd
√√√√ Q∑
q=1
2∑
m=1
∣∣∣∣∣R
{
hSR∗q hTRq,mhSTm
}
γd
∣∣hSRq ∣∣2 + 1
∣∣∣∣∣
2
 . (45)
Therefore, we can deduce that using multiple-antenna Tag and multiple-antenna Reader can
effectively decrease the BER compared with conventional SISO AmBC. The BERs of the
multiple-antenna Tag AmBC and the SISO AmBC are numerically compared in Section VI.
V. NON-COHERENT SPACE-TIME CODES
Using coherent space-time codes can effectively enhance the performance of the multiple-
antenna Tag AmBC system. However, the limitation is that it requires CSI at the Reader. Although
there are some studies showing how to obtain CSI in AmBC [31]-[37], channel estimation
inevitably increases the complexity of AmBC system design as well as power consumption.
To overcome the limitation of coherent space-time codes, we propose using non-coherent
space-time codes to enhance AmBC performance without the requirement of any CSI. We follow
the same setting that we used in coherent space-time codes where compact 2-port Tag antennas
are used, i.e. M = 2 and use differential Alamouti space-time codes [30].
A. Encoding Algorithm
In differential Alamouti space-time codes [30], the Tag again transmits the signal as blocks.
The two bits b2i−1 and b2i are mapped to two symbols u2i−1, u2i ∈ {±1}, which are then encoded
into the ith block Xi as shown in (33).
The Tag begins the transmission with sending the first block X1 where u1 and u2 are arbitrary
symbols. The symbols u1 and u2 are unknown to the Reader and do not convey any information.
The Tag subsequently transmits the signal block in an inductive manner. Supposing Xi has been
sent already, to transmit the next block Xi+1, we need to map b2i+1 and b2i+2 to symbols u2i+1
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and u2i+2. Such mapping relies on the Xi, which is different from the coherent Alamouti space-
time codes where Xi and Xi+1 are independent of each other. Specifically, we first use a mapping
M to map b2i+1 and b2i+2 to a vector [B2i+1, B2i+2], i.e.M (b2i+1, b2i+2) = [B2i+1, B2i+2] where
the mapping is given by [30],
M (0, 0) = [1, 0] , M (0, 1) = [0,−1]
M (1, 0) = [0, 1] , M (1, 1) = [−1, 0]
. (46)
The two symbols u2i+1 and u2i+2 are then computed by u2i+1
u2i+2
 = B2i+1
 u2i−1
u2i
+B2i+2
 −u∗2i
u∗2i−1
 . (47)
Finally, the two symbols u2i+1 and u2i+2 are encoded into the block Xi+1 as shown in (33).
This process is inductively repeated until the end of the transmission.
B. Non-Coherent Detection
For the non-coherent detector, it is not possible to use the accurate AmBC channel model
(14) because of 1) the nonlinear channel, and 2) the noise dependent on signals and channels.
Therefore, we again leverage the linearized and normalized MIMO channel model (32) and apply
the differential Alamouti detector [30].
Using the differential Alamouti detector, we first detect the vector [B2i+1, B2i+2] by
[
B˜2i+1, B˜2i+2
]
= argmin
[B2i+1,B2i+2]∈V
Q∑
q=1
|[B2i+1, B2i+2]− [Rq,2i+1,Rq,2i+2]|2 , (48)
where V denotes the set consisting of all the vectors [B2i+1, B2i+2] and Rq,2i+1 and Rq,2i+2 are
computed by
Rq,2i+1 = yq,2i+1y∗q,2i−1 + y∗q,2i+2yq,2i, (49)
Rq,2i+2 = yq,2i+1y∗q,2i − y∗q,2i+2yq,2i−1, (50)
where yq,2i−1, yq,2i, yq,2i+1, and yq,2i+2 denote the signals received by the Reader at four consec-
utive symbol periods 2i− 1, 2i, 2i+ 1, 2i+ 2. Then we can detect the two bits b2i+1 and b2i+2
from [B2i+1, B2i+2] since they have one-to-one correspondence.
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Fig. 2. Simulated BERs versus receive SNR γR of the multiple-antenna Tag AmBC system using the Alamouti space-time
codes and the SISO AmBC system using BPSK for ∆γ = 40 dB and γd = 15 dB.
VI. SIMULATION RESULTS
We provide simulation results for the multiple-antenna Tag AmBC system using coherent and
non-coherent space-time codes. Two configurations of the multiple-antenna Tag AmBC system
(M = 2, Q = 1 and M = 2, Q = 2) are simulated. The conventional SISO AmBC system
(M = 1, Q = 1) is also simulated as a benchmark for comparison. In the simulation, we assume
all the small-scale channel fading hSRq , h
TR
q and h
ST
q follow the distribution of CN (0, 1). The
hardware implementation loss by the Tag, α, is set as 1.1 dB [8]. The Monte Carlo method is
used to find the BER.
A. Coherent Space-Time Codes
For the multiple-antenna Tag AmBC, we simulate the BER versus receive SNR γR by using
the optimal ML detector (35) and the Alamouti detector (39). For the SISO AmBC system,
we simulate the BER by using the optimal ML detector and the minimum distance detector
[29] based on (42). The simulated BERs of the multiple-antenna Tag AmBC system using the
Alamouti space-time codes and the SISO AmBC system using BPSK for the relative SNR
∆γ = 40 dB and the direct link SNR γd = 15 dB are shown in Fig. 2. Recall that the relative
SNR ∆γ depends on the hardware implementation loss α and path loss ATR while the direct
link SNR γd is Ps/σ2. Besides, γR depends on ∆γ, γd, N , and the channels as shown in (29).
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The theoretical analysis results on BER (43) and (45) are also included as a reference. From
Fig. 2, three key observations can be highlighted.
First, we find that the optimal ML detector has almost the same BER performance as the
Alamouti detector or the minimum distance detector for the three configurations. This shows
that our proposed linearized and normalized MIMO channel (32) well approximates the ac-
curate AmBC channel (14). The Alamouti detector based on (32) however has a much lower
computational complexity than the optimal ML detector. Therefore, it is beneficial to use our
proposed linearized and normalized MIMO channel (32). In addition, the BER performance of
the Alamouti or minimum distance detector matches well with the theoretical analysis results
(43) and (45), which validates the correctness of the analysis.
Second, it is also important to note that the total transmit power in the multiple-antenna
Tag AmBC system linearly increases with M , which is different from the conventional MIMO
communications where the total transmit power is fixed. If we set the transmit symbols as
u2i−1, u2i ∈
{±1/√2} as adopted in the conventional MIMO system, the BER curves for
M = 2 in Fig. 2 will right shift by 3 dB (corresponding to M = 2). Therefore, using more Tag
antennas has the benefit of power gain, which effectively increases the power of backscattered
signal so as to decrease the BER, and this is unique in the AmBC setting.
Third, comparing the BER curves of M = 1, Q = 1 and M = 2, Q = 1, we can find that the
slope of the BER curve is doubled by using two Tag antennas. The enhanced signal detection
performance arises from leveraging the Tag diversity gain. Furthermore, comparing the BER
curves of M = 2, Q = 1 and M = 2, Q = 2, we can find that the slope of the BER curve is
doubled by using two Reader antennas. The enhanced signal detection performance arises from
leveraging the Reader diversity gain. Overall, it shows the benefit of using space-time codes in
the multiple-antenna Tag multiple-antenna Reader AmBC system to enhance the signal detection
performance. More generally, a diversity gain of MQ can be achieved by using more Tag/Reader
antennas in AmBC.
We also study the effect of direct link SNR γd on the BER performance of the multiple-antenna
Tag AmBC system and the SISO AmBC system. The simulated BERs versus γd are shown in
Fig. 3. We only consider using the Alamouti detector and the minimum distance detector since
they have almost the same BERs as the optimal ML detector. From Fig. 3, we can observe that
the BERs decrease with γd at fixed N = 40000 for the three configurations. This is because the
receive SNR γR increases with γd. Therefore, high γd is beneficial for AmBC to decrease the
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Fig. 3. Simulated BERs versus direct link SNR γd of the multiple-antenna Tag AmBC system using Alamouti space-time
codes and the SISO AmBC system using BPSK for ∆γ = 40 dB and N = 40000.
Fig. 4. Simulated BERs versus relative SNR ∆γ of the multiple-antenna Tag AmBC system using Alamouti space-time codes
for M = 2, Q = 1 at the receive SNRs γR = 5, 10, 15 dB.
BER. However, BER cannot be decreased without limit by simply increasing γd. As shown in
Fig. 3, the BERs saturate when γd is large for the three configurations. This is because when
γd → ∞, γR saturates to 4N∆γE
[
R2
{
hTR1,1 h
ST
1 /h
SR
1
}]
as shown in Section III.C. In addition, we
can observe that using more Tag/Reader antennas can decrease the BER given the same γd,
which again shows the benefit of multiple Tag/Reader antennas.
Because our proposed linearized and normalized MIMO channel (32) is based on the fact that
the relative SNR ∆γ is high in AmBC, we study the effect of ∆γ on the BER performance. The
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Fig. 5. Path loss versus transmission distance between the Tag and Reader for ambient RF signals from different wireless
systems.
simulated BERs versus ∆γ of the multiple-antenna Tag AmBC (M = 2, Q = 1) at the receive
SNRs γR = 5, 10, 15 dB are shown in Fig. 4. From Fig. 4, we can observe that given a fixed γR,
the optimal ML detector and the Alamouti detector have almost the same BERs which do not
change with ∆γ when ∆γ is larger than 35 dB. However, when ∆γ is small, e.g. at 30 dB, there
is a small BER performance gap between the optimal ML detector and the Alamouti detector,
which implies that the linearized and normalized MIMO channel model has some approximation
error. Fortunately, ∆γ in AmBC is usually higher than 30 dB.
To show the range of ∆γ, we use the Friis equation [29] to estimate the path loss for ambient
RF signals from different wireless systems. The path loss versus the transmission distance
between the Tag and Reader for different wireless systems is shown in Fig. 5 when we use a path-
loss exponent of two. We consider common ambient RF signals from wireless systems including
GSM-900 (925-960 MHz), GSM-1800 (1.805-1.88 GHz), UMTS-2100 (2.11-2.17 GHz) and
WiFi (2.4-2.48 GHz), which have been well exploited for ambient RF energy harvesting [38],
[39]. From Fig. 5, we can find that the path loss decreases with the transmission distance and
it is below −30 dB when the transmission distance is larger than 1 meter for all considered
ambient RF signals. In other words, ∆γ is at least above 30 dB when the Tag and Reader are
separated by 1 meter or more. From the simulated BERs versus ∆γ as shown in Fig. 4, our
proposed linearized and normalized MIMO channel model is shown valid for practical AmBC
systems and based on that the Alamouti detector provides the optimal BER performance.
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B. Non-Coherent Space-Time Codes
We also consider using the non-coherent space-time codes in the multiple-antenna Tag AmBC
system since they do not require any CSI, which is more practical with reduced AmBC system
design complexity and power consumption. For the multiple-antenna Tag AmBC system, we
simulate the BER by using the differential Alamouti detector (48). For the SISO AmBC system,
we use 2DPSK modulation [29] and simulate the BER by using the 2DPSK demodulator based
on (42).
The simulated BERs of the multiple-antenna Tag AmBC system using the differential Alamouti
space-time codes and the SISO AmBC system using 2DPSK for the relative SNR ∆γ = 40 dB
and the direct link SNR γd = 15 dB are shown in Fig. 6. Comparing Fig. 2 with Fig. 6, we can
make three key observations.
First, compared with the Alamouti space-time codes, using differential Alamouti space-time
codes can achieve the same slope of BER, but there is a constant BER performance loss, which
results from not requiring any CSI. For SISO AmBC, there is also a constant BER loss between
the minimum distance detector in BSPK and the 2DPSK demodulator for the same reason.
Second, similar to the coherent case, using more Tag antennas has the benefit of power gain,
which can effectively increase the power of the backscattered signal so as to decrease the BER.
Third, comparing the BER curves of M = 1, Q = 1, M = 2, Q = 1, and M = 2, Q = 2, we
find that the slope of BER curve can be doubled by using two Tag antennas or Reader antennas.
Therefore, using differential Alamouti space-time codes can leverage the Tag/Reader diversity
gain and enhance the signal detection performance without the requirement of any CSI.
Similarly, we also show how the direct link SNR γd and the relative SNR ∆γ affect the BER
performance of the multiple-antenna Tag AmBC system using differential space-time codes as
provided Fig. 7 and Fig. 8, respectively. We can make observations which are similar to the case
of using coherent space-time codes, and summarized as 1) BERs decrease with γd and saturate to
a constant when γd →∞; 2) BERs do not change with ∆γ given a fixed γR when ∆γ is larger
than 35 dB, and the BERs have little increase when ∆γ is at around 30 dB. The only difference
between the coherent and non-coherent cases is that there is a constant BER performance loss
by using differential space-time codes. However it comes at the advantage of not requiring any
CSI.
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Fig. 6. Simulated BERs versus receive SNR γR of the multiple-antenna Tag AmBC system using the differential Alamouti
space-time codes and the SISO AmBC system using 2DPSK for ∆γ = 40 dB and γd = 15 dB.
Fig. 7. Simulated BERs versus direct link SNR γd of the multiple-antenna Tag AmBC system using differential Alamouti
space-time codes and the SISO AmBC system using 2DPSK for ∆γ = 40 dB and N = 40000.
VII. CONCLUSION
We have proposed the use of multiple-antenna Tag in AmBC by applying coherent and non-
coherent space-time codes to leverage both diversity and power gain. Both codes do not require
CSI at the Tag and the non-coherent space-time codes do not require CSI at the Reader either.
Using multiple-antenna Tag is beneficial for providing diversity gain. In addition, they also
linearly increase (linear with the number of Tag antennas) the total backscattered signal power
and this is different from conventional MIMO where transmit power is fixed. Furthermore, the
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Fig. 8. Simulated BERs versus relative SNR ∆γ of the multiple-antenna Tag AmBC system using differential Alamouti space-
time codes for M = 2, Q = 1 at the receive SNRs γR = 5, 10, 15 dB.
proposed approach is compatible with using multiple-antenna Reader to further improve diversity
gain. We have also analyzed and derived an accurate channel model for the AmBC system with
a multiple-antenna Tag and a multiple-antenna Reader by using the averaging mechanism. The
accurate AmBC channel model is challenging to use since it is a nonlinear channel with noise
dependent on signals and channels and cannot be used with non-coherent space-time codes.
To overcome the challenges of using the accurate AmBC channel model, we have proposed
a linearized and normalized MIMO channel model, so that we can apply space-time codes to
multiple-antenna Tag AmBC system straightforwardly. Two coherent detectors, the optimal ML
detector and the Alamouti detector were investigated. A closed-form solution for the BER was
also provided. We also proposed the use of differential Alamouti space-time codes in the multiple-
antenna Tag AmBC system so that there is no need for any CSI and the AmBC system design
complexity and power consumption can be reduced. The corresponding differential Alamouti
detector based on the linearized and normalized MIMO channel was also provided.
The simulation results demonstrate that the multiple-antenna Tag AmBC system using coherent
and non-coherent space-time codes has performance better than the conventional SISO AmBC
system. It is shown that using multiple Tag antennas can increase the total power of backscattered
signal. It is also shown that using the Alamouti and differential Alamouti space-time codes in
the multiple-antenna Tag AmBC system can effectively enhance BER performance compared
with the SISO AmBC system.
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